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ABSTRACT 


As  the  first  phase  of  a.  study  of  flight  characteristics  criteria  for  email 
general  aviation  aircraft*  experiments  were  conducted  with  a  variable -stability 
flying  simulator  to  determine  the  influence  of  Dutch-roll  frequency.  Dutch-roll 
damping  ratio,  and  dihedral  effect.  Other  lateral -directional  parameters  were 
held  fixed  at  favorable  levels.  An  ILS  approach  flown  at  1 05  knots  in  simulated 
moderate  turbulence  was  the  piloting  taak.  The  results  are  presented  in  a 
generalized  quantitative  form  useful  to  designers.  High  Dutch-roll  frequency 
(or  high  directional  stability)  and  large  dihedral  were  found  undesirable  be¬ 
cause  of  excessive  yawing  and  rolling  due  to  turbulence.  Low  Dutch-roll  fre¬ 
quency  led  to  poor  heading  control,  large  side.&lip  excursions,  and  difficulty 
in  trimming  the  airplane,  but  low,  *ven  zero,  dihedral  did  not  interfere  with 
the  approach  task.  Flying  qualities  were  found  to  deteriorate  rapidly  for 
Dutch -roll  damping  ratio  lower  than  one -tenth,  but  relatively  little  was  gained 
by  increasing  it  beyond  that  value. 
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INTRODUCTION 


This  report  presents  the  results  of  the  first  phase  of  a  systematic 
study  of  the  flying  qualities  of  small  general  aviation  aircraft.  The  program 
was  inspired  in  part  by  the  successful  development,  over  recent  years,  cf 
quantitative  flying  qualities  criteria  for  piloted  military  airplanes,  and  it 
employs  many  of  the  methods  and  tools,  especially  the  variable  stability 
in-flight  simulator,  which  proved  to  be  useful  in  the  research  leading  to 
those  results.  The  unique  capabilities  of  the  variable  stability  airplane 
make  it  possible  to  design  experiments  in  which  certain  characteristics 
are  varied  while  all  others  remain  fixed.  The  effects  of  these  variations 
can  then  be  examined  in  the  context  of  a  particular  piloting  task. 

This  phase  of  the  study  is  focused  upon  Dutch -roll  mode  frequency 
and  damping,  and  effective  dihedral,  characteristics  which  heavily  influence 
the  airplane  designer's  choice  of  tail  size,  tail  length,  and  wing  dihedral 
angle.  Roll  response  and  spiral  mode  characteristics  are  held  fixed  at 
favorable  levels.  The  piloting  task  is  an  ILS  approach  in  moderate  turbu¬ 
lence. 

It  should  be  noted  that  no  attempt  is  made  to  simulate  particular  ex¬ 
isting  airplanes;  rather,  the  range  of  each  parameter  is  selected  to  be  broad 
enough  to  encompass  both  present  design  practice  and  possible  variations  due 
to  unconventional  aerodynamics  or  artificial  stability  augmentation  (yaw  damp¬ 
ing,  for  example).  The  variables  in  the  experiments  are  handled  in  a  manner 
which  accounts  for  inertia  and  speed  effects  as  well  as  dimensions  and  geo¬ 
metry,  and  the  results  are  thus  generally  applicable  to  all  reasonably  small 
airplanes.  Very  large  airplanes  or  those  with  special  mission  requirements 
(such  as  STOL  operations)  are  not  within  the  scope  of  this  study. 


Later  phases  of  the  program  will  consider  variations  in  roll  mode  charac¬ 
teristics,  Dutch-roll  excitation  parameters,  and  longitudinal  flying  qualities. 

LATERAL-DIRECTIONAL  DYNAMICS  AND  FLYING  QUALITIES  -  A  REVIEW 

Conventional  subsonic  airplanes  normally  exhibit  three  distinct  natural 
modes  of  motion  involving  the  flight  variables  sideslip  angle,  heading  {or  yaw 
angle),  and  bank  angle.  These  lateral -directional  motions,  which  differ  from 
each  other  in  character  and  in  time  scale,  are  termed  the  roil  mode,  the  Dutch- 
roll  mode,  and  the  spiral  mode. 

The  Roll  Mode 

The  roll  mode  appears  to  the  pilot  as  a  rapid  increase  in  roll  rate  to  a 
steady  value  following  a  lateral  control  deflection,  or  conversely,  as  the  almost 
immediate  reduction  of  roll  rate  to  zero  when  the  lateral  control  is  neutralized; 
it  is  the  mode  which  he  deliberately  induces  to  control  bank  angle.  The  charac¬ 
teristic  time  involved  is  termed  the  roll  mode  time  constant,  ,  and  physically 
it  represents  the  time  required  for  the  airplane  to  reach  63%  of  the  ultimate 
steady -state  roll  rate  following  an  abrupt  step-like  lateral  control  surface  de¬ 
flection  (or  a  step -like  rolling  moment  from  turbulence).  Large  roll  damping 
leads  to  small  time  constants,  a  quarter  or  even  a  tenth  of  a  second  being  typical 
values  for  general  aviation  aircraft.  In  fact,  experiments  show  that  the  time 
constant  must  be  small  (less  than  a  second)  if  the  airplane  is  to  be  precisely 
controlled.  It  is  thus  an  important  flying  qualities  parameter;  the  roll  mode 
characteristics  selected  for  the  present  experiments  are  discussed  in  the  sec¬ 
tion  on  experimental  procedure. 
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The  Dutch -roll  Mode 

The  lateral -directional  motion  known  a3  the  Dutch -roll  is  the  oscillation 
involving  simultaneous  rolling,  yawing,  and  sideslipping  which  may  be  observed 
following  a  gust  encounter,  or  following  any  control  application  which  results  in 
sideslipping  (such  as  "uncoordinated"  use  of  aileron  and  rudder  in  a  turn  entry). 
It  is  not  deliberately  used  by  the  pilot  in  the  sense  that  he  uses  the  roll  mode 
for  banking  and  the  longitudinal  short -period  mode  for  pitching,  but  nonetheless 
it  must  be  considered  by  the  designer  because  the  typical  lightly  damped  Dutch- 
roll  motions  can,  under  some  circumstances,  seriously  interfere  with  precise 
control  of  the  flight  path. 

The  oscillatory  character  and  time  scale  of  the  mode  are  closely  asso¬ 
ciated  with  the  yawing  moments  which  arise  due  to  sideslip  -  the  directional 
stability  of  the  airplane.  The  frequency  of  the  oscillation  is,  in  fact,  given 
approximately  by  the  square  root  of  the  static  directional  stability  parameter, 
N^.1  Small  inertia  about  the  yaw  axis  and/ or  large  aerodynamic  restoring 
moments  due  to  sideslip  lead  to  large  values  for  ,  and  hence  to  high  fre¬ 
quency  (or,  alternatively,  short  period)  motions,  and  vice  versa.  The  aero¬ 
dynamic  portion  involves  air  density  and  airspeed  -  low  altitude  and  higher 
speeds  result  in  higher  frequency  -  and  airplane  geometry.  This  last  factor 
is  the  one  over  which  the  designer  has  a  measure  of  control,  since  it  includes 
tail  size  and  tail  length;  higher  frequency  results  if  either  is  increased. 

The  damping  of  the  oscillation  -  the  characteristic  decrease  of  amplitude 
with  time  -  is  due  primarily  to  the  yawing  deceleration  resulting  from  yaw  rate, 
N^.  Aerodynamic  moments  which  resist  yawing  are  provided  mainly  by  the 
vertical  tail,  a  rotary  motion  about  the  yaw  axis  resulting  in  an  increment  of 
angle  of  attack  of  the  vertical  tail  proportional  to  yaw  rate.  The  resultant 

1  is  an  example  of  a  "dimensional"  stability  derivative.  Physically,  these 
derivatives  represent  acceleration  per  unit  of  the  variable  involved,  in  this  case 
yawing  acceleration  per  unit  of  sideslip  angle.  They  are  the  coefficients  in  the 
equations  of  motion  presented  in  the  Appendix.  It  should  be  noted  that  they  in¬ 
volve  the  mass  or  moment  of  inertia,  flight  condition,  and  airplane  size  and 
geometry.  A  textbook  such  as  Reference  1  should  be  consulted  for  details  on 
estimation  of  these  derivatives^ 
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moment  is  a  function  of  tail  area  and  shape  and  the  square  of  tail  length,  so 
the  designer  has  a  measure  of  control  over  yaw  damping.  The  effect  of  inertia 
about  the  yaw  axis  works  against  the  aerodynamic  damping  moments,  since 
once  the  motion  is  started  the  inertia  tends  to  make  it  persist.  Secondary  in¬ 
fluences  on  damping  arise  from  lateral  resistance  to  sideslip  (Y^/ V),  roll 

due  to  sideslip  (L.p ),  yaw  due  to  roll  rate  {M  ),  roll  damping  (L  ),  and  roll 
P  P  P 

due  to  yaw  rate  (L^);  but  generally  the  effects  of  these  derivatives  are  small 

compared  to  the  influence  of 

In  this  report  the  level  of  damping  is  measured  in  terms  of  a  damping 
ratio,  C,  which  compares  the  actual  damping  available  to  that  just  sufficient 
to  prevent  an  oscillation  from  occurring.  Thus  no  damping  is  signified  by 
C  =  0 ,  and  negative  C  indicates  an  unstable  motion;  C  =  1  indicates  no 
oscillatory  character  and  a  system  with  Q  =  0.  7  is  considered  heavily- 
damped  since  it  exhibits  virtually  no  overshoot  of  the  steady-state  value  in 
its  response  to  a  step  input.  By  comparison,  the  Dutch-roll  mode  is  almost 
always  lightly  damped  in  small  general  aviation  aircraft,  C  =  0. 1  being  not 
unusual. 

Dutch -roll  Excitation 

In  general,  whenever  yawing  or  rolling  moments  or  side  forces  are 
applied  to  the  airplane  the  Dutch-roll  will  be  excited.  The  two  sources  of 
such  forces  and  moments  are  turbulence  and  control  deflections;  the  factors 
influencing  the  size  and  nature  of  the  excitation  are  discussed  ir»  this 
section. 

(A)  Excitation  from  Turbulence.  An  airplane  flying  in  random  turbu- 
lenc  is  subjected  to  a  gust  field  which  may  be  resolved  into  side  gust,  verti¬ 
cal  gust,  and  fore-and-aft  gust  components.  It  is  useful  tc  think  of  these 
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depends  so  heavily  upon  precise  control  of  bank  angle  for  turning,  and  any 
significant  yawing  and  rolling  oscillations  will  interfere  with  accurate  con¬ 
trol  of  the  flight  path.  At  best,  some  pilot  compensation  in  terms  of  con¬ 
scious  attempts  to  stop  the  oscillations  or  careful  aileron-rudder  coordina¬ 
tion  to  prevent  them  from  starting  will  be  required;  at  worst,  the  pilot’s 
attempts  to  stop  the  oscillations  with  his  roll  control  may  only  aggravate 
them,  resulting  in  an  unstable  pilot -airframe  system. 

The  important  factors  here  are  yaw  due  to  lateral  control  deflec¬ 
tion  N,  ,  and  yaw  due  to  roll  rate,  N  .  The  first  makes  its  effect  felt 
ca  p 

at  the  instant  of  control  deflection,  while  the  second  comes  into  play  as 
soon  as  the  roll  rate  becomes  significant.  Both  are  usually  in  the  “ad¬ 
verse”  sense,  a  roll  to  the  right  resulting  in  yaw  to  the  left.  It  is  im¬ 
portant  to  note  that  simply  providing  ailerons  (or  some  other  lateral  con¬ 
trol  device)  which  give  zero  adverse  yaw  will  not  completely  remove  the 
Dutch-roll  excitation  effects  of  lateral  control  use,  because  the  yawing 

from  roll  rate  (N  )  factor  remains. 1  Since  N  is  influenced  mainly 
?  P 

by  wing  geometry  it  is  not  much  under  the  control  of  the  stability  and 
control  engineer. 

The  parameters  which  serve  as  measures  of  this  lateral -control 

excitation  of  the  Dutch-roll  mode  are  the  ratios  cu  /u:  and  K„/K 

<*>  d  d  ss 

Although  these  are  not  treated  as  variables  in  this  phase  of  the  program, 
they  play  an  important  role  in  the  design  of  the  experiments  and  in  the  in¬ 
terpretation  of  the  results.  They  are  discussed  in  the  section  entitled 
"Parameters  Relaxed  to  Flying  Qualities.  ” 

1  There  will  also  be  a  small  residual  Dutch -roll  even  if  both  N  and  N, 

p  6a 

are  zero.  It  is  caused  by  sideslip  due  to  bank,  and  is  usually  small  enough 
to  be  ignored. 


-7- 


(C)  Excitation  from  Rudder  Deflection.  Rudder  deflections  can,  of 
course,  excite  the  Dutch-roll  by  producing  yawing  accelerations,  and  in  fact 
a  vigorous  right -left -neutral  (or  vice  versa)  rudder  input  is  an  excellent  way 
of  obtaining  a  Dutch-roll  oscillation  for  purposes  of  observation.  Once  the 
rudder  has  produced  yaw  and  sideslip,  the  restoring  tendency  of  the  direc¬ 
tional  stability  (N^)  and  the  coupling  effects  of  dihedral  (Lg  )  and  roll 

due  to  yaw  (L  )  come  into  play  to  start  the  motion.  This  sort  of  excita- 
r 

tion  can  and  does  occur  when  the  pilot  attempts  to  make  heading  corrections 
with  rudder  alone  -  there  will  be  some  transient  yawing  oscillations  before 
the  airplane  settles  down  on  the  new  heading.  • 

The  Spiral  Mode 

In  contrast  to  the  roll  mode,  the  spiral  mode  is  (usually)  a  slow- 
acting  motion  which  is  often  unstable.  The  pilot  recognizes  it  as  a  tendency 
for  bank  angle  and  yaw  rate  to  increase  for  the  unstable  case  (or  decrease 
for  the  stable  case)  if  the  airplane  is  left  unattended  in  a  wing -down  attitude. 
The  characteristic  times  are  long  -  the  time  required  for  the  bank  angle 
or  yaw  rate  to  double  or  halve  is  usually  more  than  ten  seconds  -  and 
the  mode  will  go  unnoticed  if  the  pilot  is  actively  controlling  bank  angle. 
However,  the  spiral  has  a  history  of  association  with  accidents  involving 
noninstrument -rated  pilots  flying  in  bad  weather,  and  unusually  quick  di¬ 
vergence  might  add  materially  to  the  workload  of  even  the  experienced  in¬ 
strument  pilot,  so  the  mode  is  not  a  trivial  one.  Detailed  consideration  of 
the  stability  derivatives  involved  will  be  deferred  to  a  later  phase  of  the  pro¬ 
gram,  but  a  discussion  of  the  treatment  of  the  spiral  in  the  present  Dutch - 
roll  research  is  included  in  the  section  on  experimental  procedure. 


Parameters  Related  to  Flying  Qualities 


The  previous  sections  have  dealt  with  the  character  of  lateral -direc¬ 
tional  dynamics,  especially  the  Dutch -roll  oscillation,  and  the  means  by  which 
these  dynamic  modes  are  excited.  The  purpose  of  this  section  is  to  discuss 
factors  whl  h  are  recognized  as  being  related  to  the  study  of  flying  qualities 
as  contrasted  with  airframe -only  dynamics. 


(A)  Dutch-roll  Mode.  As  previously  indicated,  the  Dutch-roll  mode 
can,  under  some  circumstances,  seriously  interfere  with  precise  control  cf 
the  airplane.  The  pilot  can  directly  sense  the  frequency  (uj^)  of  the  motion 
and  the  damping  or  £^uj^),  an^  since  they  determine  the  time  scale  and 
the  persistence  of  the  oscillation  they  are  important  flying  qualities  para¬ 
meters.  They  have  a  bearing  upon  whether  the  motion,  will  be  so  objection¬ 
able  as  to  require  pilot  attention  to  suppress  it  (perhaps  because  of  low  damp¬ 
ing,  or  very  low  frequency  associated  with  low  directional  stability)  and  whether 
he  can  indeed  do  so  (very  high  frequencies,  for  example,  might  require  very 
fast  and  precise  action  with  the  rudder).  As  noted  previously,  the  Dutch-roll 
frequency  is  closely  related  to  the  yawing  disturbances  from  turbulence  through 
the  derivative  ,  a  higher  frequency  leading  to  larger  turbulence  response. 
This  is  obviously  an  important  factor  to  the  pilot. 

Other  features  of  the  basic  Dutch -roll  dynamics  may  be  important  to 
the  flying  qualities,  the  most  prominent  probably  being  the  ratio  known  as 
I  cp/  j3  |^,  the  ratio  of  bank  angle  to  sideslip  in  the  natural  Dutch -roll  oscilla¬ 
tion.  Large  values  of  |cp/|3  represent  Dutch-roll  modes  which  have  pre¬ 
dominantly  rolling  motions;  small  | cp/  j3  represents  a  yawing-type  motion. 

For  typical  light  airplanes  the  ratio  is  about  unity,  but  very  high  performance 
airplanes,  especially  those  with  swept  wings,  may  have  values  of  ten  or  more. 
Large  values  of  |o/  J3  |^,  usually  associated  with  large  dihedral,  have  long 
been  held  to  be  undesirable  and  to  require  more  favorable  values  of  othe^ 
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parameters  such  as  damping  ratio.  Again,  this  reflects  the  need  for  precise 
control  over  bank  angle  in  order  to  accurately  control  the  flight  path. 

The  phasing  of  the  bank  and  sideslip  in  the  Dutch-roll  is  sometimes 
important.  This  is  the  matte?  of  whether  or  not  the  motion  is  positive  bank 
with  positive  sideslip  (right-wing  down  with  nose -left,  the  normal  case),  and 
it  is  a  factor  in  situations  where  Dutch-roll  excitation  from  the  lateral  con¬ 
trol  tends  to  lead  to  pilot -induced  instability. 

(B)  Roll  Response  to  Lateral  Control.  The  response  of  the  airplane 
t.o  lateral  control  inputs  is  of  primary  importance  in  the  study  of  lateral - 
directional  flying  qualities  because  of  the  pilot's  great  dependence  on  pre¬ 
cise  bank  angle  control.  He  must  be  able  to  achieve  a  desired  bank  without 
overshooting  and  without  having  to  cope  with  excessive  interference  from 
Dutch -roll  excitation  if  he  is  to  accurately  control  the  flight  path. 

The  roll  mode  is  central  to  this  matter.  As  mentioned  previously, 
this  is  the  primary  mode  involved  in  banking  and  turning,  and  the  relevant 
flying  qualities  parameter  is  the  time  constant,  Trm»  If  this  time  constant 
is  long,  say  much  over  one  second,  the  pilot  tends  to  have  trouble  reaching 
a  desired  bank  angle  without  overshooting  and  needing  to  make  several  small 
corrective  inputs. 

The  Dutch -roll  component  in  the  roll  response  needs  to  be  considered 

in  some  detail.  Use  of  lateral  control  will  excite  the  Dutch-roll  mode  due  to 

the  presence  of  yaw  from  the  control  itself  (N.  )  and  from  roll  rate  (N  ),  and 

oa  p 

the  total  roll  response  v/ill  be  the  sum  of  the  roll  mode  and  the  roll  component 
of  the  Dutch -roll.  A  convenient  parameter  used  to  indicate  the  degree  of  ex¬ 
citation  is  the  ratio  K,/  K  ,  which  expresses  the  magnitude  of  the  roll-rate 

d  ss 

due  to  the  Dutch -roll  mode  at  the  instant  of  an  abrupt  step-like  lateral  con¬ 
trol  input  compared  to  the  steady-state  roll  rate.  This  is  illustrated  on  the 
following  page: 
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Control 

input. 

So 


It  is  apparent  that  K^/  Kgg  equal  to  zero  will  signify  that  the  Dutch -roll 

mode  is  not  excited  by  use  of  the  lateral  control,  which  is  a  desirable  feature. 

This  is  not  to  imply  that  the  Dutch -roll  no  longer  exists,  but  rather  that  a 

lateral  control  input  dees  not  give  rise  to  moments  which  excite  it.  If  K/K 

d  ss 

is  about  unity  the  roll  rate  will  reach  almost  zero  on  the  first  downswing,  and 
the  bank -angle  response  will  have  a  stair-step  nature.  Large  values  of  the 
ratio  -  greater  than  unity  -  are  indicative  of  roll-rate  reversal,  clearly  an  un¬ 
desirable  response  to  a  step  input. 

Another  parameter  discussed  widely  in  the  literature  and  associated 

with  Dutch-roll  excitation  in  the  roll  response  is  the  ratio  u>  /u>,.  Here  u>, 

odd 

is  the  true  Dutch -roll  natural  frequency  ana  uj  is  a  constant  occurring  in  the 
transfer  function  of  roll  response  to  lateral  control.  It  is  physically  identifi¬ 
able  as  the  frequency  of  a  special  Dutch -roll  which  would  result  if  the  wings 
coyld  be  held  exactly  level  with  the  lateral  control  so  that  the  oscillation  would 
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have  only  yawing  and  sideslipping  motions.  In  general,  this  particular  kind  of 
Dutch -roll  would  differ  in  both  damping  and  frequency  from  the  real  motion  be¬ 
cause  of  the  yawing  moments  from  the  lateral  control  (N^)  and  because  of  the 
lack  of  rolling.  At  any  rate,  the  frequency  ratio  c u^/  oj^  is  indicative  of  whether 
the  frequency  of  the  pilot -airframe  system  in  a  roll -tracking  situation  will  be 
higher  or  lower  than  the  basic  airplane  Dutch -roll  frequency.  It  turns  out  that 

if  ou  /  ou  is  unity  or  less,  the  pilot -airframe  system  will  be  stable,  but  if  the 
Cp  d 

ratio  is  greater  than  one  and  the  basic  airplane  damping  is  low,  the  system 
may  exhibit  poor  stability,  or  may  even  be  unstable.  In  this  case  the  pilot, 
attempting  to  control  bank  angle,  actually  drives  the  system  into  unstable 
oscillations. 

(C)  Individual  Stability  Derivatives.  The  static  stabilities  and  L^ 
are  important  in  their  own  right  aside  from  the  ways  in  which  they  influence 
the  dynamic  response  and  other  parameters  mentioned  above.  The  associa¬ 
tion  of  with  the  yawing  response  to  turbulence  was  made  in  part  (A)  of  this 
section  and  the  dihedral,  L^ ,  is  similarly  important.  Large  dihedral  leads 
to  large  rolling  disturbances  from  side  gusts  and  these  are  certainly  of  con¬ 
cern  to  the  pilot.  (It  might  be  noted  here  that  the  disturbance  effects  asso¬ 
ciated  with  other  derivatives  such  as  L  ,  N  ,  N  ,  Ya  are  generally  much 

p  r  p  p 

smaller  than  and  L^  effects,  and  unless  the  former  happen  to  be  very 
large  compared  to  and  L^  the  pilot  doesn't  usually  single  them  out  as 
important  turbulence  response  factors. ) 

The  pilot  also  senses  and  L^  directly  when  performing  steady 
sideslips.  Large  gives  a  "stiff"  airplane,  one  resistant  to  sideslipping, 
while  small  results  in  an  airplane  which  is  "weak"  directionally  and 
which  sideslips  readily.  The  normal  sense  of  the  dihedral,  L^,  requires 
that  the  pilot  cross  control  -  right  aileron  and  left  rudder  for  a  slip  to  the 
right,  for  example  -  in  order  to  hold  a  steady  sideslip.  It  also  figures 
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largely  in  the  ability  of  the  pilot  to  roll  the  airplane  with  the  rudder  only,  a 
matter  of  some  importance  if  lateral  control  is  poor  at  angles  of  attack  near 
or  beyond  the  stalling  angle. 

(D)  Control  Effectiveness.  Control  effectiveness,  measured  by  roll 

acceleration  per  unit  of  lateral  control,  L  ,  and  yaw  acceleration  per  unit 

C  3. 

of  yaw  control,  N  ,  are  important  flying  qualities  parameters,  although  they 
do  not  alter  the  characteristic  frequencies,  damping,  or  time  constants  of  the 
lateral -directional  modes.  From  the  pilot's  standpoint  the  control  must  seem 
neither  too  sensitive  nor  too  sluggish.  However,  this  cannot  be  studied  inde¬ 
pendently  of  the  basic  dynamic  characteristics  of  the  airplane;  the  optimum 

roll  sensitivity  (L_  ),  for  example,  is  closely  related  to  the  value  of  the  roll 
o  a. 

mode  time  constant.  Likewise,  rudder  effectiveness  must  be  appropriate  for 
the  existing  levels  of  static  directional  stability  and  yaw  damping. 

EXPERIMENTAL  PROCEDURE 

An  experimental  approach  to  flying  qualities  research  almost  always 
involves  the  use  of  some  form  of  simulator  as  a  substitute  for  the.  actual  air¬ 
plane.  Cost  considerations  aside,  the  researcher  often  needs  to  explore  a 
wide  range  of  parameters  or  change  one  characteristic  without  altering  others 
at  the  same  time.  This  obviously  would  be  difficult,  if  not  impossible,  to  do 
even  if  he  were  allowed  to  build  a  fleet  of  specially -configured  airplanes  - 
hence  the  research  simulator.  The  form  depends  upon  the  importance  and 
complexity  of  the  problem,  and  ranges  from  comparatively  primitive  fixed 
chair -stick-and -pedals  with  voltmeters  for  instruments,  to  moving -base 
devices  with  several  degrees  of  freedom  and  sophisticated  visual  displays, 
and  finally  to  the  variable  stability  airplane,  a  true  flying  simulator.  This 
last --mentioned  device  offers  the  least  compromise  with  reality,  since  the 
pilot  is  in  an  actual  flight  environment.  Such  a  machine  was  used  for  the 
experiments  in  this  program. 
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The  Variable  Stability  Navion 

Variable  stability  (or  better,  variable  response)  airplanes  come  in 
several  sizes  and  degrees  of  system  complexity,  but  in  general  they  all  pro¬ 
vide  for  in-flight  variation  of  the  static  and  dynamic  stability  parameters  over 

a  wide  range  and  thus  have  "variable  flying  qualities, "  The  variable  response 

* 

airplane  used  for  this  program  was  derived  from  a  North  American  Navion 
airframe  and  is  pictured  in  Figures  1  and  2.  The  machine  and  its  control 
system  are  described  in  detail  in  References  2  and  3,  but  a  short  review  of 
the  principle  of  operation  may  be  helpful  in  understanding  the  experiments. 

The  most  basic  modification  of  the  airplane  is  the  provision  for  power - 
actuated  control  surfaces.  Electro -mechanical  servos  drive  the  ailerons, 
rudder,  and  elevator,  with  a  fast -acting  hydraulic  servo  moving  the  flap. 

The  operating  signal  for  each  servo  is  a  sum  of  the  signals  from  the  evalua¬ 
tion  pilot's  controls  (which  are  not  connected  mechanically  to  the  surfaces 
and  which  produce  only  electrical  signals  proportional  to  deflection)  and 
sensors  which  measure  the  flight  variables.  For  example,  the  aileron 
servos  may  receive  a  signal  summed  from  a  roll  control  command,  plus 
signals  proportional  to  sideslip  angle  from  a  yaw  vane,  and  roll  rate  and 
yaw  rate  from  gyros.  The  last  three  signals  are  the  ones  which  change  the 
airplane's  basic  roll  response  characteristics  by  causing  it  to  accelerate  in 
roll  more  (or  less)  than  the  basic  Navion  does  for  the  same  roll  rate,  the  • 
same  sideslip  angle,  or  the  same  yaw  rate.  Similar  "feedbacks"  are  applied 
to  the  rudder  to  change  the  yawing  response  to  sideslip,  yaw  rate,  and  roll 
rate;  to  the  elevator  to  change  the  angle  of  attack  and  pitch  -rate  response; 
and  to  the  flap  to  alter  the  lift  response  to  changes  in  angle  of  attack.  Thus 
the  dynamic  response  characteristics  of  the  basic  Navion  are  changed  by  aug¬ 
menting  or  diminishing  the  individual  static  and  dynamic  stability  factors  - 
the  stability  derivatives  mentioned  in  the  previous  section.  The  size  of  each 
feedback  signal  is  controllable  from  the  cockpit  so  that  the  simulator  may  be 
adjusted  in  flight. 
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In  addition  to  the  signals  from  the  control  stick,  rudder  pedals,  and 
the  sensors,  tape-recorded  signals  representing  turbulence  are  sent  to  the 
servos  and  produce  the  disturbances  of  flight  in  rough  air,  which  are  appro¬ 
priate  to  the  airplane  being  simulated.  An  airplane  with  large  dihedral  effect, 
for  example,  will  be  simulated  with  appropriately  large  rolling  disturbances 
due  to  side  gusts.  The  overall  level  of  the  artificial  turbulence  can  be  ad¬ 
justed  to  produce  severity  ranging  from  zero,  or  no  disturbance,  through 
"heavy  moderate,  "  a  level  which  might  be  experienced  in  the  vicinity  of  a 
squall  line  or  in  the  lee  of  a  mountain  range.  The  turbulence  signals  have 
frequency  characteristics  which  are  like  those  of  the  turbulent  atmosphere: 
strong  gusts  have  relatively  low  frequency  of  occurrence  compared  to  smaller 
gusts  and  as  the  frequency  increases  beyond  a  certain  level  the  gust  intensity 
diminishes  until,  at  very  high  frequencies,  the  amplitude  is  very  small.  The 
influence  of  turbulence  on  flying  qualities  is  of  such  fundamental  importance 
that  it  just  cannot  be  avoided  or  ireated  casually,  and  thus  the  capability  for 
simulating  the  effects  is  one  of  the  more  important  features  of  the  variable 
stability  Navion. 

It  is  imperative  to  know  exactly  what  is  being  simulated,  and  unfor¬ 
tunately  the  desired  configurations  can  be  set  only  approximately  by  ground 
calibration.  For  this  reason  an  in-flight  calibration  called  "configuration 
matching"  is  carried  out  to  determine  the  exact  variable  stability  system 
control  settings  needed  to  produce  the  desired  response  characteristics. 

The  process  involves  setting  up  an  analog  computer  representation  of  the 
desired  airplane  and  then  adjusting  the  flying  simulator  until  its  response 
matches  that  of  the  ground-based  computer.  In  practice,  the  control  de¬ 
flections  of  the  simulator  are  sent  to  the  computer  via  telemetry  and  rhus 
the  pilot  flies  the  computer  airplane  and  the  real  airplane  simultaneously; 
the  motions  of  the  airplane  likewise  are  telemetered  to  the  ground  and  com¬ 
pared  with  the  computer  output.  Special  matching  maneuvers  are  performed 
and  the  variable  stability  system  is  adjusted  until  the  responses  agree  closely. 


-15- 


The  Variables  in  the  Phase  I  Experiment 

The  variables  selected  for  the  first  phase  of  this  study  of  general  aviation 

airplane  flying  qualities  were  Dutch-roll  frequency  (cu^).  Dutch-roll  damping  ratio 

(C  ,)»  and  dihedral  effect  (LD).  As  indicated  in  the  previous  section,  these  are 
d  p 

all  important  lateral -directional  flying  qualities  parameters  and  are  to  a  large 
degree  within  the  control  of  the  designer.  It  was  felt  that  knowledge  of  the  effects 
of  these  three  quantities  would  be  a  useful  framework  within  which  to  study  Dutch- 
roll  excitation  and  roll-damping  requirements  in  a  later  phase.  The  range  of 
each  of  the  variables  is  indicated  below: 


(A)  Dutch -roll  Frequency.  This  variable  ranged  from  1.3  radians  per 
second  to  3.  0  radians  per  second,  corresponding  to  Dutch-roll  periods  of  4.  8 
seconds  and  2, 1  seconds  respectively.  Most  light  airplanes  fall  within  these 
extremes.  Intermediate  configurations  with  (u^  =  1.8  radians  per  second  and 
2.3  radians  per  second  were  also  tested.  For  reference,  the  basic  Navion  fre¬ 
quency  is  2.2  radians  per  second  at  normal  weight  and  a  speed  of  105  knots. 


(B)  Dutch-roll  Damping  Ratio.  The  tests  were  conducted  at  three  dis¬ 
crete  damping  ratios:  (,  =  0.05,  C,  =  0*  10.  and  C  =  0.40.  The  first  is  definitely 

d  d  d 

"light  damping,  "  but  =  0.  10  is  fairly  typical  of  small  airplanes  without  artifi¬ 
cial  yaw  damping  (C^  -  0.  15  for  basic  Navion).  The  high  damping  ratio,  =  0.40, 
is  larger  than  normal  aerodynamic  configurations  are  likely  to  provide.  It  was 
selected  in  order  to  explore  the  possible  benefits  of  additional  yaw  damping, 
either  aerodynamic  or  artificial  in  nature.  Most  of  the  testing  was  carried  out 

with  Q,  =  0.10. 
d 


(C)  Dihedral  Effect.  Dihedral  effect  ranging  from  zero  to  moderately 
high  (Lp  =  -32)  was  tested.  {An  unfortunate  sign  convention  may  be  noted  here: 
normal,  or  "positive,  "  dihedral  effect,  signifying  a  roll  to  the  left  for  a  side¬ 
slip  to  the  right,  is  associated  with  negative  values  of  the  derivative  . 


* 
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AI1  configurations  tested  bad  dihedral  in  she  normal  sense.  }  For  reference. 
She  basic  Xavioa  dihedral  effect  is  abod  L-^  =-I6  at  a  speed  of  1C5  fends  and 
norma!  weight. 


It  should  be  noted  that  the  roll  control  sensitivity  (1*.  }  and  rsfi&r 
sensitivity  (Jj  )  were  not  considered  to  be  variables  in  the  experiments,  btfl 

OT 

neither  were  they  fixed.  The  evaluation  pilots  were  ashed  to  ase  the  levels 
which  they  considered  optimum  for  each  configuration.  This  was  dcce  to  pre¬ 
vent  the  results  from  being  influenced  by  the  use  of  controls  which  were  too 
sensitive  or  too  sluggish  for  the  dynamics  being  tested. 

For  reference  purposes,  a  list  of  the  configurations  and  their  para¬ 
meters  is  included  as  Table  1 .  Time  hi  stories  of  the  roil  rate  aad  yaw  rate 
responses  of  each  configuration  to  a  step  lateral  control  deflection  and  a  step 
rudder  deflection  are  shown  in  Figures  3  and  4  respectively. 


Characteristics  Held  Constant 

The  variable  response  capabilities  cf  the  flying  simulator  were  used 
to  hold  other  lateral -directional  characteristics  fixed  while  the  effects  of  the 
specific  test  variables  were  investigated.  These  fixed  characteristics  were 
the  following: 


(A)  Roll  Mode.  The  roll  mode  was  given  a  time  constant  (time  to 
reach  63%  of  the  steady  roll  rate  following  a  lateral  control  step  input)  equal 
to  one-quarter  of  a  second.  This  is  a  value  which  permits  very  satisfactory 
control  of  bank  angle  without  overshooting,  and  selection  of  a  compatible  con¬ 
trol  sensitivity  is  not  difficult  or  critical. 


(B)  Dutch -roll  Mode  Excitation.  This  was  held  to  a  low,  aoninterfer- 

ing  level  as  measured  by  the  parameters  K^/  and  o>^/ Referring  to 

Table  1,  it  is  seen  that  K./K  for  most  cases  is  less  than  0.2,  and  eo  /  a> 

e  ss  o  d 

is  unity  or  less,  both  conditions  leading  to  a  good  pilot -airframe  system  as 
far  as  roll  control  is  concerned.  The  notable  exceptions  are  Configuration  14 


{ib_  =  1„S,  *  =  6.1,  Lj.  =  -32,  ac  /oil.  =  .73,  K_/K  =  ,73}  xv£  CeeSgcraSioe:  29 

O.  fs  ©  C  G  SS 

{id,  =  2,3,  c.  =  o. 4,  =  -26,  ar  /at'  =  .37,  K./ S  =  -SJ;  ©sScb-rcll  excite- 

C  O  jJS  dr  W  W 

tSao  5s  clearly  evadesSf,  £5  She  rcE-resposse  ttirse  histories  alsowa  m  Figare  3. 

Cse^gorrasifici  14  hzs.  a  steeled  previously  {Beferecces  2  aucd  3J  aoa  51  has 

been  saowa  : bsS.  pSbstts  are  ecaccgsed  with  Us  aaxessrve  SerseSeocC  response 

dee  5c  dihedral  amd  case  wish  excessive  I>gtoc-rc51  excUattEcs.  CoeSgcgglUas  2® 

Safes  a  damping  ratio  scf£cie=22y  large  to  gredsde  jalctisg  preoiesas  ia  roll  doc 

lo  K./ K  .  Thev  were  hsclcded  is  order  to  retens  a  coasaSege  set  ce  ccefExera.- 
d  ss  “ 

thses  which  Sad  Sees  eased  in  2  previews  steady,  arc  w Us  which  £s  was  desired  to 
compare  resafes. 

Except  for  tee  two  ccsdrgcratices  oatea  zbove  the  time  histories  isdfeca&e 
good  rot!  response  So  step  allercsi  insets,  a  resjaarersed  for  proper  .iaCerpr-fte- 
tios  of  the-  efseors  of  fortes  -roll  ezeitarioa  arising  frees  3L g  and  {or  Biu  >. 

*C5  Spiral  Made,  The  spiral  raede  was  adjusted  Co  be  oedra!  -  chat  is, 

ro Ether  convergent  asor  diverged  -  for  ail  sronfignraSioss.  This  was  dace  to  pre- 

vec  the  made  from  possibly  interfering  wits  sees  evaluation  of  the  test  variables, 

since  act  controlling  it  would  have  resulted  ia  extreme  ?t  quick  convergence  for 

the  high  dihedral,  low  frequency  airplanes  and  extreme  divergence  for  the  zero- 

dihedral,  high  frequency  machines. 

This  adjustment  of  the  spiral  was  d«w  largely  with  the  derivative  L>  , 

2* 

the  roll  due  to  yaw  rats,  or  "overhanking  tendency,.  *  because  other  derivatives 

which  are  important  to  the  mode,  La ,  ,  and  Ji  ,  are  either  independent  varia- 

p  P  r 

bles  themselves  (i.^  )  or  are  closely  associated  with  the  independent  variables 

(?v0  with  x,  and  N  with  £  ,).  This  leads  to  unrealistically  large  values  of  L 
para  r 

for  some  configurations  (for  example,  L,^  =  18.94  for  Configuration  29  which 

has  ha  =  -16,  ss,  =  1.3,  C.  =  0.4,  compared  to  the  basic  Pfavion  L-  =  2),  On 
pad  r 

the  other  hand,  it  leads  to  the  requirement  that  be  zero  for  the  zero-dihedral 
configurations,  and  this  is  not  physically  possible  for  finite  wing-span,  normally  - 
configured  airplanes. 
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FertcEatelv.  lie  effect  «  these  cnrealistie  wfcii  ««'L  ea  the  roll  mode 

r 

is  nil,  acd  She  effect  oa  the  Dutch-roll  is  smell.  Wish  3L  =0  the  Dutch-roll 

w 

©sc512e2ioss  for  the  zero  dihedral -effect  airplane  is  one  c&  yaw  and  sideslip  only  - 
there  is  no  roiling  whatsoever:  with  L  =  Z  there  would  he  a  small  roll  comoo- 
aen3,  and  the  roll-to-sidesSip  ratio  wocsd  he  about  four -tenths  instead  of  zero 
as  teste®.  3k5c«5eza2e  ffregaency,  macerate  dihedral  configurations  would  chaise 
hardly  aS  aS3  wi2h  L,  -  2 ,  while  redesrseg  2L  from  IS. 95  to  L.  =  2  ca  Canfigora- 

IT  2T  2" 

ties  29  wodd  change  the  roll -to -sideslip  ratio  from  Jtr/  $  \  =  3.6  to  jfc?/|?  I  = 

G  G 

2.7. 


|DJ  Other  Cogsaants.  Other  constants  are  the  side -acceleration  deriva¬ 
tive  Y £-  /  V  amfl  the  factor  g/  V.  The  side -force  characteristics  of  the  Nsvica 
cannot  he  varied,  bet  they  are  typical  cf  this  class  of  airplane.  The  experi¬ 
ments  were  flown  as  trim  airspeed  of  135  fences. 

2 oil  cat  to  redder  deflection,  f..  ,  was  made  ecual  to  zero.  St  is  hard 

5r 

to  assign  a  "hypnoal'’  nonzero  valce  to  this  derivative,  ana  the  effects  are  lifeely 


to  be  smalt. 

Yaw  dee  to  lateral  cocarel,  was  made  zero  for  all  configurations 

in  order  to  feecp  Dutch-roll  excitation  -o  a  lew  level.  This  derivative  enters 

into  both  -z;  /  ac.  and  K,/  X  ,  and  will  fee  treated  as  a  variable  in  a  later  phase 
£✓  <2  <3  S3 

of  the  programs. 

Finally,  sthe  locgitodinal  characteristics  were  held  fixed  at  basic  Jfevics 

levels. 


i  ae  Turbuleiace  Level 

The  disturbances  produced  by  a  turbulent  atmosphere  with  rras  linear 
velocity  components  of  about  6  ft/  sec  were  simulated.  Traversing  this  field 
of  turbulence  at  105  knots  produced  equivalent  rms  sideslip  (3)  of  about  2  de¬ 
grees,  roll  rate  (p)  about  3  degrees  per  second,  and  yaw  rate  (rj  about  3-1/2 
degrees  per  second.  This  is  a  moderate  level  which  probably  would  not  be 
encountered  every  day,  but  certainly  more  often  than  once  a  year. 
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Thc  Piloting  Task 

An  ILS  approach  in  turbulence  was  selected  as  the  piloting  task  for  the 
flight  experiments.  The  factors  involved  in  such  a  selection  are  many  in  num¬ 
ber,  often  involving  operational  considerations  or  problem*  in  evaluating  re¬ 
sults.  The  ILS  approach  was  picked  on  its  merits  as  a  realistic,  demanding 
task  from  which  measures  of  performance  could  be  obtained. 

The  matter  of  realism  involved  the  questions  of  whether  or  not  the  task 
was  one  that  an  airplane  of  this  class  might  be  expected  to  perform,  and  whether 
or  not  the  flying  qualities  of  the  airplane  were  important  to  task  performance. 

Tc  enlarge  upon  this  point,  all  airplanes  spend  a  large  proportion  of  their  total 
time  in  cruising  flight,  but  if  the  pilot  is  not  engaged  in  tight  control  of  heading 
or  bank  angle,  one  cannot  make  much  of  a  case  for  needing  good  Dutch -roll 
damping,  good  roll  response  or  good  behavior  in  turbulence  (except  perhaps 
from  the  standpoint  of  riding  comfort);  the  task  is  one  of  keeping  the  airplane 
generally  right  side  up  and  pointed  in  the  desired  general  direction  and  is 
essentially  ''open-loop"  as  far  as  piloting  is  concerned.  Small  perturbations 
on  top  of  the  gross  flight  path  are  not  of  much  consequence. 

As  the  pilot  is  required  to  control  the  machine  more  and  more  precisely  - 
to  hold  the  wings  level,  fly  a  particular  heading,  track  a  VOR  radial,  then  do  all 
of  these  things  by  reference  only  to  instruments  -  be  must  not  only  be  more  pro¬ 
ficient,  but  such  things  as  adequate  damping,  good  control  response-  and  good 
behavior  in  turbulence  become  more  important. 

This  reasoning  led  lo  the  selection  of  the  instrument  approach  in  turbu¬ 
lence  as  a  demanding  task  which  primarily  involves  the  flying  qualities  of  the 
airplane.  It  requires  precise  control  of  the  airplane  and  presents  an  inherently 
high  workload,  so  that  any  need  for  the  pilot  to  compensate  for  poor  flying  quali¬ 
ties  is  particularly  undesirable.  From  an  experimental  standpoint,  each  approach 
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is  of  sufficient  length  to  permit  a  good  evaluation  of  a  configuration,  and  it  is 
possible  to  measure  and  record  task  performance  in  terms  of  localizer  and 
glide  slope  deviations.  To  summarize:  for  the  ILS  approach,  task  perfor¬ 
mance  was  measurable,  the  highest  level  of  tracking  and  precise  control  of 
the  airplane  were  required,  and  the  workload  was  inherently  high  enough  sc 
that  any  requirement  for  the  pilot  to  compensate  for  poor  flying  qualities  was 
undesirable. 

Standard  gyro  horizon,  directional  gyro,  and  ILS  cross -pointer  infor¬ 
mation  without  flight  director  or  horizontal  situation  displays  were  used.  This 
was  felt  to  be  typical  of  equipment  used  in  general  aviation  instrument  flying, 
and  at  least  representative  of  back-up  equipment  for  aircraft  with  more  sophis¬ 
ticated  instrumentation. 

The  foregoing  should  not  be  taken  to  imply  that  other  tasks  might  not  be 
important  or  informative.  The  visual  portion  of  the  final  approach  and  the 
flare  and  touchdown,  perhaps  in  the  presence  of  wind-shear  and/or  crosswinds, 
represents  a  total  task  with  its  own  high  demands  on  control  response  and  con¬ 
trol  power  and  behavior  in  turbulence;  this  is  indeed  worthy  of  investigation  but 
it  presents  problems  of  performance  measurement  and  evaluation  and  simula¬ 
tion  which  are  beyond  existing  capabilities.  Simpler  tasks,  such  as  precision 
heading  tracking  which  is  an  important  part  of  the  overall  ILS  approach,  are 
indeed  often  informative  (and  in  fact  such  tests  are  referred  to  later  i a  the  re¬ 
port),  but  lack  the  validity  which  comes  from  having  the  pilot  perform  the  whole 
task.  Maneuvers  involving  flight  director  tracking  also  are  potentially  useful  in 
examining  certain  aspects  of  the  overall  piloting  problem. 

Data  Acquisition 

(A)  Pilot  Ratings.  The  primary  data  in  a  flying  qualities  study  such  as 
this  one  consist  of  numerical  ratings  and  comments  supplied  by  pilots  who  are 
trained  and  experienced  in  the  art  of  evaluating  flight  characteristics-  The 
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revised  rating  scale  shown  in  Table  2  (the  so-called  Cooper -Harper  scale  from 
Reference  3)  was  used,  and  it  represents  a  useful  conversion  of  verbal  descrip¬ 
tions  to  numbers.  It  may  be  noted  that  the  pilot  is  being  asked  to  rate  the  air¬ 
plane  on  the  basis  of  how  much  he  must  compensate  for  undesirable  character¬ 
istics  -  characteristics,  for  example,  which  require  him  to  anticipate  or  lead 
motions,  or  produce  intentional  lags,  or  which  require  too  much  control  activity. 
Even  if  the  actual  level  cf  task  performance  stays  uniformly  high  as  the  flying 
qualities  get  worse  (a  situation  which  is  not  unusual  up  to  the  point  where  the 
pilot's  capabilities  are  saturated),  the  pilot  can  sense  that  he  is  working  harder. 
He  is  being  asked,  in  ether  words,  to  measure  and  report  his  own  workload, 
and  a  trained  test  pilot  can  do  this  very  effectively. 

The  comments  which  accompany  the  ratings  are  extremely  important, 
because  with  them  the  pilot  indicates  just  what  ifc  is  about  a  configuration  that 
is  bothering  hirn,  and  it  is  necessary  to  know  this  for  proper  interpretation  of 
the  results.  In  this  program  the  pilots  were  asked  to  comment  specifically  on 
control  response,  control  techniques,  turbulence  response,  and  airplane  dy¬ 
namic  characteristics. 

It  must  be  emphasized  that  results  in  terms  of  ratings  and  comments 
should  be  viewed  in  the  context  cf  the  task  flown;  they  may  or  may  not  be  di¬ 
rectly  applicable  to  other  situations.  In  this  regard,  it  is  usual  to  attempt  to 
pick  a  "critical  task"  so  that  flying  qualities  criteria  established  for  that  situa¬ 
tion  will  result  in  airplane  flight  characteristics  which  are  also  satisfactory 
in  other  flight  regimes.  If  that  is  not  possible,  then  testing  must  be  carried 
out  for  at  least  the  more  important  flight  regimes. 

Four  evaluation  pilots  were  used  in  this  program,  three  of  whom  were 
ATR  -rated,  the  other  Commercial -Instrument  rated.  Two  had  engineering 
flight  testing  backgrounds  and  prior  experience  in  flying  qualities  evaluation; 
the  other  two  were  relatively  inexperienced  in  this  respect  but  were  given 
special  briefings  and  training  in  the  variable -stability  airplane.  All  had 
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extensive  experience  in  instrument  flying  and  in  the  class  of  airplane  considered 
in  this  program. 

Before  each  flight  the  pilot  was  briefed  on  the  task,  the  rating  scale,  and 
the  type  of  comments  needed.  In  the  air,  ratings  and  comments  were  given  and 
recorded  immediately  following  each  approach. 

(B)  Other  Data.  Measurements  of  airplane  motions,  pilot  activity,  and 
task  performance  were  relayed  to  the  ground  via  telemetry  and  recorded  on 
magnetic  tape.  Angular  rates  in  yaw  and  roil  were  the  most  important  items 
in  the  first  category;  the  second  category,  pilot  activity,  involved  stick  and 
rudder  pedal  movements;  localizer  and  glide  slope  deviations  were  the  mea¬ 
sures  of  task  performance. 

Conduct  of  the  Experiment 

The  ILS  approaches  were  flown  at  Mercer  County  Airport,  Trenton, 

New  Jersey.  The  system  there  is  standard  with  a  3.  O°glideslope  and  4.  5 
nautical  mile  separation  between  outer  and  middle*  marker  beacons,  giving 
about  2.5  minutes  between  markers  at  the  test  speed  of  105  knots.  A  race¬ 
course  pattern  involving  an  outbound  track  parallel  to  the  final -approach 
course  and  a  turn  to  intercept  the  localizer  about  one  mile  oeyond  the  outer 
marker  was  substituted  for  the  standard  procedure  turn  to  expedite  testing. 

The  airplane  with  its  simulated  stability  and  response  characteristics, 
but  without  artificial  turbulence,  was  handed  over  to  the  evaluation  pilot  abeam 
the  outer  marker,  outbound,  for  familiarization  and  selection  of  optimum  L 

6a 

and  Ngr«  After  the  turn-around  and  upon  intercepting  the  localizer  the  turbu¬ 
lence  was  turned  on;  data  recording  was  begun  at  the  outer  marker  and  continued 
down  to  the  middle  marker,  where  the  telemetry  signal  usually  became  unreliable. 
At  a  point  past  the  middle  marker  the  evaluation  pilot  was  instructed  to  raise  the 
hood  and  continue  the  approach  down  to  the  runway  threshold,  where  control  was 
taken  back  by  the  safety  pilot  (left  seat,  standard  mechanical  controls)  for  the 
pull-up  and  climbing  turn  back  to  the  outbound  course. 
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During  the  climb  back  to  the  outer  marker  the  evaluation  pilot  com¬ 
municated  his  ratings  and  comments  to  the  safety  pilot  who  recorded  them 
and  then  set  up  the  next  configuration.  It  should  be  noted  that  only  the  lateral - 
directional  characteristics  were  being  changed;  the  pilot  was  required  to 
track  the  glideslope  and  hold  airspeed  in  the  interests  of  task  realism,  but 
the  longitudinal  characteristics  were  held  fixed  at  favorable  values  and  he 
was  not  asked  to  rate  them  separately. 

RESULTS  AND  DISCUSSION 


Basic  Results 

The  results  of  the  flight  experiments  define,  in  a  quantitative  way,  what 
levels  of  dihedral  and  Dutch-roll  frequency  are  best  for  the  instrument  approach 
task;  they  ilso  indicate  the  gains  and  penalties  associated  with  changes  in  Dutch- 
roll  damping.  If  used  properly,  they  can  assist  the  designer  in  the  choice  of 
dihedral  angle,  tail  length,  and  tail  size.  These  results  are  presented  in  Fig¬ 
ures  5  and  6  and  are  discussed  in  detail  in  the  following  paragraphs.  As  noted 
previously,  only  dihedral  effect,  Dutch -roll  damping  ratio,  and  Dutch -roll  fre¬ 
quency  were  treated  as  variables;  all  other  characteristics  were  fixed  at  favor¬ 
able  values  so  as  not  to  interfere.  Thus,  regardless  of  the  level  of  dihedral  or 
the  Dutch-roll  mode  characteristics,  the  pilot  was  evaluating  an  airplane  with 
good  roll  response,  a  neutral  spiral  mode,  low  levels  of  Dutch -roll  excitation 
from  the  lateral  control,  optimum  rudder  sensitivity,  and  good  longitudinal 
characteristics.  He  was  asked  only  to  evaluate  changes  in  Dutch -roll  dynamics 
and  the  response  of  the  machine  to  turbulence,  in  the  context  of  the  ILS  approach. 

The  combined  effects  of  varying  dihedral  effect  and  Dutch -roll  frequency 
with  the  Dutch -roll  damping  fixed  at  =  0,  1  are  shown  in  Figure  5.  In  this 
figure  the  darkened  circles  represent  the  particular  configurations  used  in  the 
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flight  experiments,  with  the  average  pilot  rating  shown  adjacent  to  each  test 
point.  Each  configuration  was  flown  an  average  of  six  times;  three  of  the  four 
evaluation  pilots  did  the  bulk  of  the  flying,  and  flew  each  airplane  at  least 
twice.  The  pilot  rating  contours  were  obtained  by  fairing  curves  through  the 
averaged  pilot  opinion  data,  first  plotting  pilot  rating  vs.  dihedral  effect  at 
constant  frequency,  and  then  pilot  rating  vs.  Dutch-roll  frequency  at  constant 
dihedral  effect.  These  then  served  as  a  basis  for  picking  points  on  the  vs. 

plot  through  which  the  numerical  rating  contours  could  be  expected  to  pass. 
The  dashed  segments  represent  the  trends  of  ,'he  present  data;  these  should  be 
considered  provisional  pending  further  testing. 

Figure  5  indicates  that  the  best  airplane  will  have  moderate  normal 
dihedral  effect  and  an  intermediate  level  of  static  directional  stability.  Quanti¬ 
tatively,  this  means  the  dihedral  effect  stability  derivative  is  best  at  a  value  of 
about  Li^  =  -12  rad  /  sec2/  rad  and  the  directional  stability  should  be  large  enough 
to  give  a  Dutch -roll  frequency  of  about  two  radians  per  second  (a  period  of 
slightly  more  than  three  seconds).  These  are  not  unusual  numbers,  being 
slightly  smaller  than  those  for  the  basic  Navion  at  105  knots.  In  the  neighbor¬ 
hood  of  this  optimum  the  ratings  change  gradually,  and  acceptable,  satisfactory 
machines  are  indicated  for  frequencies  from  about  1.5  rad/  sec  to  2.8  rad /  sec 


provided  the  dihedral  is  between  L, 


0  and  Lp  =  -24  . 


At  frequencies  below  =  1.5  rad/  sec  the  pilot  must  begin  to  compen¬ 
sate  for  lower -than -desirable  directional  stability;  excessive  rolling  due  to 
side  gusts  starts  to  require  compensation  at  about  the  =  -24  level.  Fre¬ 
quencies  greater  than  about  =2.8  rad/  sec  mark  the  beginning  of  tendencies 
toward  excess  directional  stability  which  results  in  undesirable  yawing  motions 
due  to  side  gusts.  It  may  be  noted  that  the  "optimum"  airplane  is  one  which 
strikes  a  compromise  by  having  enough  stability  for  good  dynamic  response 
and  controllability,  but  not  so  much  that  it  is  disturbed  excessively  in  turbu¬ 
lence. 
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The  results  indicate  that,  provided  the  frequency  of  the  yawing -type 
Dutch -roll  motion  is  favorable,  low  02  even  zero  dihedral  effect  in  it  3 elf  does 
not  make  an  airplane  unacceptable  for  instrument  approach  flying.  .Although 
no  configurations  with  abnormal  or  reverse  dihedral  effect  are  shown  on  Fig* 
ure  5,  some  preliminary  testing  was  done  which  indicated  that  there  is  no 
sharp  change  in  rating  as  the  sign  of  changes,  and  that  the  constant -rating 
contours  can  be  expected  to  close  smoothly  on  the  left-hand  side  of  the  axis. 
Even  if  this  is  confirmed  for  the  ILS  approach  by  further  testing,  however,  it 
must  be  pointed  out  that  significant  levels  of  reverse  dihedral  may  prove  un¬ 
desirable  for  other  reasons  -  for  example:  flight  near  the  stall,  if  rudder 
must  be  used  for  lateral  control;  unnatural  control  in  cross-wind  landings; 
and  excessive  spiral  divergence  in  situations  where  heading  or  bank  angle 
is  not  closely  monitored. 

The  low-frequency,  low-dihedral  case  is  of  special  importance  because 
most  straight -wing  airplanes  tend  to  have  this  combination  of  characteristics 
at  low  speeds  (airplanes  with  swept -back  wings  tend  toward  low  frequency, 
high -dihedral  under  the  same  conditions)  and  in  landing  configuration.  Fig¬ 
ure  5  indicates  that  even  with  -  1.3  rad  /  sec  the  pilots  were 'beginning  to 
compensate  for  some  undesirable  characteristics,  and  pilot  commentary  in¬ 
dicated  that  the  problems  involved  difficulty  in  trimming  the  airplane  in  roll 
and  yaw,  poor  heading  control,  and  sideslipping  due  to  lack  of  directional  sta¬ 
bility.  Preliminary  tests  with  an  even  lower  frequency  configuration  (10  = 

d 

0.  8  rad/  sec)  indicated  that  the  ratings  degrade  very  rapidly  at  frequencies 
lower  than  one  radian  per  second.  AJ1  in  all,  the  results  of  Figure  5  suggest 
that  for  the  ILS  approach  there  is  virtually  no  penalty  associated  with  low  (but 
still  normal  sense)  dihedral  effect.  The  designer  might  well  choose  a  dihedral 
angle  giving  a  value  of  for  the  approach  which  is  lower  than  the  optimum 
and  thus  avoid  having  too  much  sensitivity  to  turbulence  in  cruise. 


The  configurations  of  Figure  5  all  had  the  same  Dutch -roll  damping 
ratio-  £  =  0. 1  *  The  effect  of  changing  the  damping  ratio  both  to  higher  and 

lower  values  is  shown  in.  Figure  6.  It  is  seen  that  a  sharp  degradation  of 
pilot  rating  occurs  if  the  damping  ratio  is  reduced  to  ~  0.05,  while  an  in¬ 
crease  to  =0.4,  which  might  be  accomplished  with  artificial  yaw  damping, 
results  in  only  very  modest  improvement.  The  fairing  of  the  data  indicates 
that  the  basic  requirement  is  for  a  damping  ratio  of  about  one -tenth,  a  level 
which  can  usually  be  attained  aerodynamicaliy.  This  value  is  in  agreement 
with  the  findings  of  Reference  4. 

It  must  be  emphasized  again  that  the  above  results  were  obtained  with 
all  parameters  other  than  the  specific  test  variables  held  at  favorable  levels. 
The  presence  of  significant  Dutch-roll  excitation  from  the  lateral  control  will 
be  especially  detrimental;  even  if  the  rating  contours  are  not  changed  in  general 
shape,  the  numerical  levels  almost  certainly  will  be.  A  shrinking  effect  on  the 
individual  boundaries  might  be  expected.  To  maintain  the  rating  level  associ¬ 
ated  with  a  particular  configuration  in  Figure  5  in  the  presence  of  Dutch -roll 
excitation,  a  higher  damping  ratio  than  that  indicated  in  Figure  6  will  probably 
be  required  -  at  least  for  high  <u^/  u:^.  These  matters  will  be  investigated  in 
detail  in  the  next  phase  of  the  program. 

Interpretation  of  the  Results  from  a  Flying  Qualities  Research  Viewpoint 

The  previous  section  dealt  with  the  general  features  of  the  results  ana 
their  significance  to  designers;  this  section  will  present  in  more  detail  the  rea¬ 
sons  for  certain  configurations  being  rated  as  they  were. 

(A)  The  Role  of  Turbulence.  All  of  the  configurations  tested  were  rea¬ 
sonably  pleasant  and  well-behaved  (Cooper -Harper  rating  of  2)  when  flown  in 
smooth  air.  In  simulated  continuous  turbulence,  on  the  other  hand,  the  differ¬ 
ences  between  configurations  began  to  stand  out,  and  in  some  cases  the  turbu¬ 
lence  response  was  the  outstanding  feature  of  the  airplane.  The  configurations 
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for  which  this  was  true  were  those  with  high  frequency  Dutch-roll  motions 

(associated  with  large  directional  stability,  N& )  and/  or  large  dihedral  effect. 

Pilot  commentary  indicated  that  the  airplanes  of  Figure  5  with  cu^  =  3,  0  rad/  sec 

and  Lg  =  -24  or  Lp  =  -32  were  downgraded  primarily  for  the  yaw  and/ or  roll 

disturbances  associated  with  turt  _-*ence.  Figure  7  presents  this  result  graphically 

in  place  of  frequency  and  dihedral  coordinates,  the  axes  are  labeled  with  root- 

mean -square  angular  acceleration  due  to  turbulence  (also  listed  in  Table  1  for 

each  configuration),  for  roll,  and  (T^  for  yaw.  Pilot  rating  contours  of  the 

same  general  shape  as  the  contours  of  Figure  5  serve  to  fair  the  average  ratings, 

thus  lending  support  to  the  finding  that  turbulence  is  a  major  factor  in  the  ratings 

for  airplanes  with  large  static  stabilities.  (It  should  be  noted  that  a  low  level  of 

roll  disturbance,  due  to  L  ,  exists  even  with  zero  d*  iedral.  Also  note  that  levels 

P 

of  turbulence  excitation  in  yaw  lower  than  (T^  =  .  04  are  associated  with  configura¬ 
tions  with  such  small  directional  stability  that  undesirable  dynamic  response, 
rather  than  turbulence,  is  the  problem.  ) 

The  3.  0  boundary  in  Figure  7  would  become  an  approximate  4.  0  line 
if  the  damping  were  decreased  to  =  0.  05  .  The  pilot  comments  for  these 
configurations  indicated  that  the  airplanes  were  in  almost  constant  motion  due 
to  the  tendency  for  the  lightly -damped  Dutch-roll  to  persist,  and  heading  con¬ 
trol  was  difficult. 

The  roll-to-sideslip  ratio,  |<p/  ft  has  in  the  past  been  considered  an 
indicator  of  turbulence  problems  in  roll,  but  Figure  8  indicates  that  the  effects 


are  better  correlated  by  dihedral  effect,  Lg ,  itself.  In  this  figure  it  is  apparent 
that  the  contours  of  constant  pilot  rating  from  Figure  5  do  not  agree  with  the 
superimposed  lines  of  constant  |<p/  fi  in  general,  for  any  given  moderate 
|cp/  fi  (  level  it  is  possible  to  have  both  good  and  poor  airplanes,  depending 
on  the  level  of  directional  stability  available. 
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The  absolute  valaes  of  piles  rasing  ccc?ht*a  arc  a&nittedSy  dependent 
upoo  the  level  of  SurhPilence  used  in  rise  siassiaaioo,  is  fihis  case  ras  linear 
veloc'  y  components  of  abo*_t  &  ft/  sec.  As  Ktec  in  fine  secaioa  03  experimecaai 
procedcre,  traversing  Ibis  Geld  of  trrbaleacc  a»  s©5  knots  produces  eoeivaleni 
rms  sideslip  (p)  of  aiwe  2  degrees,  roll  rate  (pj  of  abend!  3  deg/  sec,  and  yaw 
raae  (r|  of  aboez  3-1/2  deg/  sec.  Qcalftattvciy,  She  disturbance  level  for  coa- 
figaaralions  with  small  sJability  is  very  low;  for  loose  »iih  large  stability  deriva* 
lives  it  is  high;  for  the  airplane  in  the  middle  of  Figure  5,  tire  "optimum"  air¬ 
plane,  it  simply  presents  a  continuous  piloting  task  and  causes  a  degradation 
of  perhaps  one -half  of  one  rating  unit  compared  to  an  approach  in  smooth  air. 
The  pilot  ratings  would  improve,  of  coarse,  if  the  turbuleece  intensity  were 
lower,  bet  the  level  used  is  felt  to  be  representative  of  "moderate”  disturbances 
encountered  operationally. 

Finally,  it  should  be  noted  that  these  findings  with  respect  to  turbulence 
are  neither  new  nor  undone;  they  correspond  quite  closely,  in  fact,  with  those 
of  References  2  and  3,  and  serve  to  further  emphasize  the  important  role  of 
turbulence  in  flying  qualities. 

(B;  The  Effects  of  Dynamics.  The  character  of  the  Dutch -roil  changed 
considerably  over  the  range  of  configurations  tested:  the  period  went  from 
slightly  more  than  two  seconds  to  nearly  five  seconds;  the  mode  changed  from 
a  pure  yawing -and -sideslipping  motion  at  zero  dihedral  to  an  oscillation  with  a 
very  large  roll  component  at  the  highest  dihedral  tested;  and  the  damping  ratio 
varied  from  very  light  to  relatively  heavy.  In  the  last  section  it  was  pointed 
out  that  the  ratings  in  the  liigh-frequency,  high  -dihedral  areas  of  Figure  5 
were  downgraded  because  of  their  poor  behavior  in  turbulence.  To  amplify 
this  point,  the  period  was  neither  too  short  nor  the  rolling  too  violent  to  pre¬ 
vent  the  pilots  from  controlling  the  motions;  their  comments  indicated  that  it 
was  mainly  the  relatively  large  size  and  continuous  nature  of  the  disturbances 


*fcai.  caased  them  to  downgrade  these  cocflgsratioc*.  Tee  dynamics  of  the 
Dutch-roll,  In  ether  words,  were  r«ct  being  critic  ired,  bat  rather  the  high 
levels  of  static  stability  which  accompanied  those  particular  dynamics. 

On  the  ether  hand,  the  pilot  ratings  for  the  1  era  frequency  =  1.3 
rad/  sec)  configurations  are  primarily  due  to  poor  dynamics  and  the  associa¬ 
ted  controllability  problems.  It  should  be  recalled  that  these  airplanes  had 
good  roll  response  characteristics,  acd  indeed  poor  roll  control  itself  was 
never  listed  as  a  factor  in  the  ratings.  According  to  the  pilot  comments, 
the  problems  are  generally  poor  control  ever  heading  and  large  sideslip 
excursions.  In  these  cases  the  turbulence  disturbances  in  yaw  are  small 
due  to  the  lew  level  of  directional  stability,  K3'  but  roll  disturbances  are 
present  and  become  large  at  high  levels  of  dihedral.  Three  important 
sources  of  excitation  of  the  characteristically  slow  {4.  8  second  period) 

Dutch -roll  are  thus  present:  the  roll  turbulence,  which  leads  to  banking 
and  hence  to  sideslipping  and  the  complete  Dutch-roll;  rolling  and  yawing 
originating  in  the  airplane  being  out  of  trim  (these  low  frequency  configura¬ 
tions  are  generally  difficult  to  trim  accurately  because  of  the  "weak"  direc¬ 
tional  stability  that  allows  the  airplane  to  sideslip  easily;  on  instruments,  in 
turbulence,  re -trimming  is  a  virtual  impossibility);  and  the  pilot  himself, 
who  will  be  trying  to  suppress  the  roll  turbulence  excursions  and  control 
the  flight  path  simultaneously. 

It  is  conceivable  that  the  pilot  can  fly  these  configurations  with  pre¬ 
cision  only  under  VFR  conditions,  v/herein  the  "visual  display"  seen  through 
the  window  is  perfectly  integrated  and  all  of  the  physical  cues  to  the  pilot  are 
in  perfect  harmony.  Under  the  hood,  in  IFR  conditions,  there  are  difficulties 
associated  with  priorities  in  the  instrument  scan,  sampling  rates,  integration 
of  the  information,  and  adequacy  of  the  information  itself.  For  example,  it  is 
by  no  means  certain  that  the  yaw  rate  information  available  from  the  instru¬ 
ments  -  from  rate  of  movement  of  the  directional  gyro  or  from  the  turn -and  - 
bank  indicator  -  can  be  either  sensed  adequately  or  monitored  closely  enough 


by  Sic  pilot  to  permit  bis  ’sorting  effectively  on  yaw-raSe  wish  the  rodder.  Or, 
bank  angle  information  sampled  from  a  gyro  horizon  may  act  give  the  rather 
precise  zoalr©!  over  bank  acglt*  needed  to  pin  deswa  a  certain  heading,  or  to 
avoid  cnintenticnal  sideslips.  It  is  per^inetS  to  mention  here  that  a  series  off 
runs  were  made  in  which  the  pilot:  was  asked  to  remove  the  blind -flight  hood 
late  in  the  approach  and  then  rate  the  configuration  separately  for  the  instru¬ 
ment  and  visual  portions.  In  no  case  was  the  airplane  rated  worse  for  the 
visual  task,  and  generally  one -half  to  one  unit  better. 

The  matter  of  piloting  technique  is  important  here.  Sometimes  pilots 
indicated  that  they  were  controlling  heading  with  the  redder;  at  ether  times, 
cr  for  other  configurations,  they  claimed  to  be  "coordinated,  ”  that  is,  they 
were  moving  stick  and  pedals  together  while  banking  and  unbanking  the  air¬ 
plane  to  achieve  heading  changes.  But  for  the  latter  case  the  roll  control 
was  the  primary  one.  Analysis  of  several  of  the  approaches  indicates  that 
typically  the  pilots  moved  the  stick  and  rudder  in  the  same  direction  (to  give 
right  roll  and  right  yaw,  for  example)  aoout  80%  of  the  time,  in  opposite 
directions  aboit  5%  of  the  time,  and  didn't  move  the  rudder  at  all  15%  of  the 
time.  This  is  not  conclusive,  of  course,  but  such  results  so  far,  for  the  ILS 
approach,  differ  little  from  pilot  to  pilot,  or  between  configurations.  As  a 
matter  of  interest,  a  sample  approach  record  is  shown  in  Figure  9. 

This  pattern  of  commentary  and  ratings  concerning  airplanes  with 
different  combinations  of  and  should  fit  a  rationale  of  pilot -vehicle 
closed -loop  system  analysis,  but  this  is  complicated  by  the  presence  of  two 
controls,  aileron  and  rudder,  and  the  multiple -loop  nature  of  the  ILS  task 
itself.  Before  the  structure  of  this  system  can  be  defined,  specialized  data 
are  needed,  such  as  that  from  experiments  in  which  the  pilot  is  asked  to 
track  only  heading.  The  response  of  the  airplane  to  rudder  inputs  takes  on 
new  importance  here,  since  civilian  pilots  (as  contrasted  with  the  military 
jet  pilots  of  References  2  and  3}  are  inclined  by  training  and  experience  to 


cse  it  heavily;  most  previous  lateral -directional  flying  qualities  work  has 
bees  concerned  with  roll  response  to  lateral  control  and  thus  is  of  little 
assistance. 

Measures  of  Pilot  Activity  and  Task  Performance 

Records  of  the  approaches  such  as  Figure  9  -  mentioned  previously 
in  connection  with  piloting  technique  -  were  examined  in  an  effort  to  find 
correlations  between  control  activity  (control  position  zero -crossings,  con¬ 
trol  reversals},  task  performance  (localizer  and  glide  slope  deviations),  con¬ 
figuration  parameters,  and  pilot  rating.  No  significant  correlations  were 
evident  in  the  control  activity  data.  The  tracking  data  showed  as  much  pilot  - 
to-pilot  variation  (and  even  day-to-day  variation  with  the  same  pilot)  as  it 
showed  between  coufigiirations,  evidence  of  the  fact  that  a  proficient  pilot 
can  maintain  a  high  level  of  performance  in  a  complex  task  even  while  fly¬ 
ing  a  poor -handling  airplane. 
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COHCLUSION3 


The  following  conclusions,  based  upon  experiments  carried  out  with  a 
variable  stability  flying  simulator,  apply  to  small  general  aviation  airplanes 
with  good  roll  mode  characteristics,  low  Dutch -roll  excitation  from  the  lateral 
control,  and  near -neutral  spiral  mode,  flown  on  an  ILS  approach: 

1-  The  best  level  of  Dutch  roll  frequency  i=  a  between  1.8  and  2.3 

d 

rad/  sec  (Dutch -roll  period  between  2.7  and  3.5  seconds).  This  represents 
a  compromise  wherein  the  level  of  directional  stability  is  large  enough  to  give 
good  dynamics,  but  not  so  large  as  to  cause  excessive  yawing  in  turbulence. 

2.  Directional  stability  large  enough  to  produce  a  Dutch-roll  frequency 
in  the  neighborhood  of  3  rad/ sec  (2.  1  second  period)  leads  to  excessive  turbu¬ 
lence  response  in  yaw. 

3.  Dutch -roll  frequencies  lower  than  about  1.4  rad/ sec  (4.5  second 
period)  associated  with  low  directional  stability  are  undesirable  because  they 
require  the  pilot  to  compensate  for  poor  heading  control,  large  sideslip  ex¬ 
cursions,  and  difficulty  in  trimming  the  airplane  in  roll  and  yaw. 

4.  Flying  qualities  for  the  instrument  approach  task  deteriorate  rapidly 

for  Dutch -roll  damping  ratios  less  than  =  0. 10,  but  relatively  little  is  gained 

by  increasing  C  beyond  this  value  -  at  least  for  low  Dutch -roll  excitation  in  the 
a 

roll  response.  For  some  cases  of  high  Dutch -roll  excitation  higher  damping 
would  undoubtedly  be  beneficial. 

5.  The  best  range  for  dihedral  effect  is  L^  =  -8  to  L^  =  -16  rad /  sec?/rad, 
but  there  is  little  penalty  in  terms  of  flying  qualities  for  lower  values.  Even  zero 
dihedi'al  effect  docs  not  interfere  with  the  task  of  flying  an  ILS  approach. 

6.  Large  dihedral  effect  (L^  =  -24  or  more  negative)  is  undesirable  be¬ 
cause  it  produces  excessive  rolling  due  to  turbulence. 
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FIGURE  4  ANALOG  COMPUTER  ROLL  RATE  AND  YAW 
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FIGURE  6  PILOT  RATING  AS  A  FUNCTION  OF  DUTCH  ROLL 
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APPENDIX 


lateral  -Directional  Equations  sod  Approximate  Response  Factors 

The  following  lateral -directional  equations  of  motion  and  approximate 
response  factors  are  included  for  reference  purposes: 

YS  Yg 

(s  -  —  )  *  &t  -  |r  =  “■  &6r 


£0  -  *,  (s2  -  L  s)  &S  =  Lc  £6a  *  lJ  £5r 

P  r  p  ca  or 


L&  -t  (s  -  N  )  Ar  -  N  sto  =  S,  Afcr  -f  Nr  ££a 
p  r  p  Sr  6a 


The  "primed  derivatives"  in  the  roll  and  yaw  equations  incorporate 

the  effects  of  orcduct  of  inertia,  I  ,  according  to  the  definitions 
*  st 


i  f 


N.  -f  ~  L. 

ill 
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For  conventional,  subsonic  airplanes  the  characteristic  equation,  is 
factored  into  roll  mode,  spiral  mode,  and  Dutch -roll  roots: 


(s  Ti){sf  ^-)(s2  +  2Cde>d  +  Wj2)  =  0 
rm  '  sp 


